1. Introduction {#sec1}
===============

The development of gene-modified tissue engineering bone has made it an attractive approach with great potential for repairing bone defects resulted from trauma, surgical resection, and congenital deformity corrections \[[@B1]--[@B3]\]. Many of these studies have focused on bone morphogenetic proteins (BMPs). They are multifunctional growth factors that belong to the transforming growth factor beta (TGFbeta) superfamily. BMP2 has the highest osteoinduction activity *in vivo* among the BMP family members \[[@B4]--[@B7]\]. In addition, many studies have demonstrated that local implantation of BMP7 results in the repair of critical size defects in long bones, craniofacial bones, and the formation of bony fusion masses in spinal fusions \[[@B8], [@B9]\]. Laflamme\'s result showed that the BMP2, BMP7, and a mixture of BMP2/BMP7 all promoted osteoblast growth on the collagen scaffold, with the mixture of BMP2/BMP7 enhancing the most growth \[[@B10]\]. Therefore, we speculate that combined gene therapy of BMP2 and BMP7 in tissue engineering bone might have more significant effect on bone regeneration than single gene alone.

The other important aspect of tissue engineering bone is the introduction of bioactive cells into the three-dimensional porous scaffold. Stem cells hold great promise for future translational research and clinical applications in many fields. Much research has focused on mesenchymal stem cells isolated from bone marrow*in vitro* and *in vivo* however, bone marrow procurement causes considerable discomfort to the patient and yields a relatively small number of harvested cells. By contrast, adipose tissue represents an abundant and easily accessible source of adult stem cells, termed adipose-derived stem cells (ADSCs), with the ability to equally differentiate along multiple lineage pathways, such as fat, bone, cartilage, skeletal, smooth, and cardiac muscle, endothelium, hematopoietic cells, hepatocytes, and neuronal cells \[[@B11], [@B12]\]. Animal and clinical studies have shown that ADSCs are capable of repairing damaged skeletal tissue or large-bone segmental defects \[[@B13], [@B14]\].

Therefore, in the present study, we further explore the osteogenic potential of tissue engineering bone using *β*-TCP combined with ADSCs lentivirally transfected with human BMP2 gene and human BMP7 gene, alone or together *in vitro*and *in vivo*.

2. Materials and Methods {#sec2}
========================

2.1. Osteogenesis *In Vitro* {#sec2.1}
----------------------------

### 2.1.1. ADSCs Culture and Infection {#sec2.1.1}

ADSCs were obtained from subcutaneous adipose tissue in the inguinal groove of 4-week-old Sprague-Dawley rats as previously described \[[@B15]\]. Briefly, the adipose tissue was washed three times with 0.1 mol/L phosphate-buffered saline (PBS, pH = 7.4), and then minced finely and digested with 0.1% collagenase type I at 37°C for 60 min with vigorous shake for 15 seconds in 20 minute intervals. After centrifugation, the resulting pellet, which is defined as the adipose tissue stromal-vascular fraction (SVF), was exposed to lysis buffer for 10 minutes to remove red blood cells. The remaining cells were suspended in DMEM media supplemented with 10% FBS and 1% penicillin/streptomycin, filtered through 40 *μ*m cell strainer, and plated at 1 × 10^4^ cells/cm^2^ on tissue culture dishes. After reaching approximately 80% confluence, the cells were separated and cultured. ADSCs at passage 2 were transfected with human BMP2 and human BMP7, alone or together by lentivirus vector. After infection for 12 days, the medium was exchanged every 2 days. The cells at passage 3 were used for experiments.

### 2.1.2. Cell Seeding {#sec2.1.2}

BMP2/ADSCs, BMP7/ADSCs, BMP2 + BMP7/ADSCs, and ADSCs as control were collected and seeded at a density of 1 × 10^6^ in 30 *μ*L on the *β*-TCP scaffolds and incubated at 37°C for 2 h to allow cells to attach to the scaffolds, respectively. Then the scaffolds were transferred into a 96-well plate. Each well was cultured with the normal culture medium to form tissue engineering bone. The medium was changed every 2-3 days after cell seeding on *β*-TCP.

### 2.1.3. DNA Assay {#sec2.1.3}

Cell proliferation of each group was determined every day by PicoGreen dsDNA reagent and Kits (Molecular Probes, OR, USA) for up to two weeks after cell seeding. A DNA standard was prepared by lysing serial dilutions of a known concentration of ADSCs. The cell scaffolds and standards were rinsed three times with PBS and incubated in 1 mL-digestive solution (50 mM Na~3~PO~4~, 20 mM N-acetyl cysteine, and 28 mg/mL papain). The specimens were vortexed for 10 min, then 10 mL supernatant was mixed with 10 mL PicoGreen dsDNA quantitation reagent in darkroom for 5 min, and the DNA content was quantified using a fluorospectrometer.

### 2.1.4. Alkaline Phosphatase Enzyme Activity (ALP) {#sec2.1.4}

Each group construct was analyzed at 14 days after cell seeding as previously described \[[@B16]\]. The scaffolds were homogenized with 1 mL Tris buffer (pH 7.4, Sigma, USA), and sonicated. The cell lysate (0.1 mL) was mixed with 0.5 mL p nitrophenol phosphate substrate solution (Sigma, USA) and 0.5 mL alkaline phosphatase buffer solution (Sigma, USA). After incubation at 37°C for 15 min, 10 mL of 0.05 N NaOH were added to stop the reaction. The production of p nitrophenol in the presence of ALP was measured by monitoring light absorbance of the solution at 405 nm at 1 min increments. The slope of the absorbance versus time plot was used to calculate the ALP activity.

### 2.1.5. Alizarin Red S Staining {#sec2.1.5}

Alizarin red S staining was used to evaluate ADSCs mineralization on *β*-TCP scaffolds. At 14 days after cell seeding, the constructs were fixed in 4% paraformaldehyde at 4°C for 24 h, and frozen at −20°C, then sectioned at 10 *μ*m in thickness. After being washed with 0.01 M PBS, sections were stained with the Alizarin Red Solution (2%, pH 4.2) for 10 min, followed by extensive washing with distilled water to remove the remaining stain.

### 2.1.6. Real-Time Quantitative PCR Analysis (qPCR) {#sec2.1.6}

At 14 days, total RNA was extracted from each group by the TRIzol method strictly following the manufacturer\'s protocol (Invitrogen, USA). The first-strand cDNA was synthesized from 1 *μ*g RNA with virus reverse transcriptase (TaKaRa, Japan), and used for quantitative real-time PCR. Expression levels of representative genes, including ALP, osteopontin (OPN), and osteocalcin (OC), were quantified with an ABI 7300 real-time PCR system (Applied Biosystems, USA) and SYBR green PCR reaction mix (TaKaRa, Japan). Primers and annealing temperature for each gene are listed in [Table 1](#tab1){ref-type="table"}. The program used was 95°C for 5 minutes, 40 cycles of 95°C for 15 seconds, annealing temperature for 1 minute, and 72°C for 30 s. Melting analysis and agarose gel electrophoresis were performed to confirm the specificity of the PCR products. The relative expression levels of genes were analyzed using the 2^−ΔΔCt^ method by normalizing with GAPDH housekeeping gene expression, and presented as fold increase relative to the control group.

2.2. Osteogenesis *In Vivo* {#sec2.2}
---------------------------

### 2.2.1. Preparation of Bone Defect Model and Implantation {#sec2.2.1}

Forty healthy Sprague-Dawley rats weighting about 250 g each were divided into four groups for the implantations of ADSCs/*β*-TCP, BMP2/ADSCs/*β*-TCP, BMP7/ADSCs/*β*-TCP, and BMP2 + BMP7/ADSCs/*β*-TCP. Rats were anesthetized with celiac injections of 10% chloral hydrate (3 mL/kg body weight), and approximately 2 mm diameter defect was created on the medial femur by an electric drill. The cell-scaffold constructs were placed into the defects via a press fit.

### 2.2.2. Radiography and Histological Detection {#sec2.2.2}

Radiographs and histomorphology of rat femurs were examined at 2, 4, and 6 weeks after the surgery. At each time point, rats were anesthetized and carried out X-ray radiography. Images were obtained by SPECT/CT (Philips, the Netherlands). After radiography examination, rats were sacrificed, and the scaffolds together with surrounding tissue were excised, stained with hematoxylin and eosin (H&E), and observed the healing condition of the defect by light microscope (Olympus, Japan).

2.3. Statistical Analysis {#sec2.3}
-------------------------

All data are expressed as means ± SD. SPSS 11.0 statistical software was used for repeated measurement variance analysis and ordinary ANOVA. Differences at  *P* \< 0.05  were considered statistically significant.

3. Results {#sec3}
==========

3.1. Osteogenesis *In Vitro* {#sec3.1}
----------------------------

### 3.1.1. DNA Assay {#sec3.1.1}

The cell proliferation of BMP2/ADSCs, BMP7/ADSCs, and BMP2 + BMP7/ADSCs attached onto *β*-TCP scaffolds was determined by the PicoGreen dsDNA assay for 14 days, and the results were shown in [Figure 1](#fig1){ref-type="fig"}. The corresponding DNA quantity of each group showed a similar trend, and no significant difference could be found (*P* \> 0.05). DNA quantity increased with time gradually during the first week of culture, peaked at day 7 and then leveled off, following a plateau phase. However, DNA quantity of viable cells still exhibited an increase of around 3-fold at day 14 compared to the initial quantity.

### 3.1.2. Alkaline Phosphatase Enzyme (ALP) Activity {#sec3.1.2}

The ALP activity of each group was assessed at 14 days after cell seeding. As shown in [Figure 2](#fig2){ref-type="fig"}, the ALP activity was enhanced respectively 4.9-fold and 5.3-fold in BMP2/ADSCs group and BMP7/ADSCs group compared to that in control group (*P* \< 0.05). In BMP2 + BMP7/ADSCs group, the ALP activity was approximately 8-fold greater compared to the control group (*P* \< 0.05).

### 3.1.3. Alizarin Red S Staining {#sec3.1.3}

As shown in [Figure 3](#fig3){ref-type="fig"}, after cell seeding at 14 days, more obvious positive staining of Alizarin red S in BMP2 + BMP7/ADSCs group ([Figure 3(d)](#fig3){ref-type="fig"}) was observed than that in BMP2/ADSCs and BMP7/ADSCs groups (Figures [3(b)](#fig3){ref-type="fig"} and [3(c)](#fig3){ref-type="fig"}). The result indicated that ADSCs modified with both genes make much more mineralization than that modified with single gene.

### 3.1.4. Real-Time Quantitative PCR Analysis {#sec3.1.4}

[Figure 4](#fig4){ref-type="fig"} shows the relative expression of ADSCs on *β*-TCP scaffolds for osteogenic gene. At day 14 after cell seeding, the mRNA-relative expression of osteogenic marker genes ALP, OPN, and OC in BMP2 + BMP7/ADSCs group was higher compared to BMP2/ADSCs group and BMP7/ADSCs group, and respectively, 9.5 times, 5.2 times, and 3.8 times more than those of control group (*P* \< 0.05).

3.2. Osteogenesis *In Vivo* {#sec3.2}
---------------------------

### 3.2.1. Behavior of Animal Model after Surgery {#sec3.2.1}

A 2 mm-diameter defect was created on the femur middle. The constructs of cell and scaffold were placed into the defects. The dietary and behavior reduced at the first day after surgery, but the behavior returned to normal at the second day. No obvious infection phenomena was observed in all groups.

### 3.2.2. Radiography {#sec3.2.2}

[Figure 5](#fig5){ref-type="fig"} shows the radiographical images of the femur defects after surgery. At 2 weeks, there was no markedly newly formed bone tissue in each group. At 4 weeks, there was partly newly formed high-density tissue in the defects of all groups, and the amount of the new tissue was more in the BMP2 + BMP7/ADSCs constructs treated femurs than those treated with either the BMP2/ADSCs or BMP7/ADSCs. At 6 weeks, there was incremental high-density tissue in BMP2/ADSCs and BMP7/ADSCs constructs treated femurs. But the bone defects were not healed completely. In BMP2 + BMP7/ADSCs group, the femur defect has been basically healed.

### 3.2.3. Histological Observation {#sec3.2.3}

As shown in [Figure 6](#fig6){ref-type="fig"}, at week 2 after surgery, connective tissues filled the defects in all groups. Scaffold\'s pores were filled by inflammatory cells. At week 4 after surgery, new bone formation was observed in all implanted defects. In BMP2/ADSCs and BMP7/ADSCs group, a small amount of the inflammatory cells can still be seen inside the scaffolds. In BMP2 + BMP7/ADSCs group, the scaffold had been replaced with neogenetic tissue, including a large number of new trabecular bone and fibrous tissue. At week 6 after surgery, the inflammatory reaction disappeared in all groups. In BMP2/ADSCs and BMP7/ADSCs groups, a few bone trabecula, part cortical bone and bone marrow could be seen inside the bone defects. However, in BMP2 + BMP7/ADSCs group, normal cortical bone, and bone marrow can be observed. This indicated that the femur defect had recovered completely.

4. Discussion {#sec4}
=============

Many researchers studied the possibility of using stem cells as donor cells. But few related reports on the adipose tissue-derived stem cells (ADSCs) are available \[[@B17]\]. Adipose tissue by virtue of its several advantages, such as abundance and easy acquirement, is becoming a promising seed cell source. Therefore, we constructed human BMP2 and human BMP7 lentiviral expression vectors and then infected the ADSCs to produce therapeutic seed cells. There are several choices of vectors for gene transfer, such as plasmids, liposomes, retrovirus, adenovirus, and adenoassociated virus \[[@B18]\]. However, viruses are the most efficient vectors for gene delivery \[[@B19]\]. Recently, lentiviral vectors-based *ex vivo*gene therapy has been developed for bone regeneration \[[@B20]\]. Lentiviral vectors can transduce both dividing and nondividing cells and incorporate into the host genome, allowing for prolonged target gene expression, high transfection efficiency, and low toxicity \[[@B21], [@B22]\]. It is feasible and efficient that ADSCs are transfected using lentiviral vector incorporating the foreign gene.

Bone tissue engineering methods consist of three elements: a donor cell source, a three-dimensional scaffold, or matrix and osteoinductive growth factors \[[@B23]\]. Therefore, a suitable scaffold for bone tissue engineering is also critical for the success of gene therapy strategy. *β*-TCP shows excellent osteoconductivity and biocompatibility, and its biodegradation rate could be easily controlled. The novel porous *β*-TCP scaffolds applied in this study has been proved to have prominent osteoconductive activity and exhibited good osteogenic activity both *in vitro*and *in vivo*with the aid of osteogenic medium in a previous study \[[@B24], [@B25]\]. In our study, the dsDNA assay confirmed that ADSCs can easily adhere to, and proliferate inside the *β*-TCP scaffolds. The ALP activity assay, Alizarin red S staining, and real-time PCR analysis results also indicated that the novel porous *β*-TCP scaffolds can support the proliferation and osteogenic differentiation of rat ADSCs *in vitro*.

ADSCs modified with BMP2 and BMP7 have emerged as an effective strategy for bone regeneration \[[@B26], [@B27]\]. Koh et al. evaluated the ability of BMP2 homodimer, BMP7 homodimer, or BMP2/7 heterodimers to stimulate SMAD, p38, ERK, and JNK pathways in C2C12 cells and have demonstrated that BMP2/7 heterodimers have enhanced ability to stimulate alkaline phosphatase and Smad 1,5,8 phosphorylation relative to equivalent amounts of BMP2 or BMP7 homodimers \[[@B28]\]. Zhu et al., confirmed that combination of BMP2 and BMP7 gene transfer led to a significant increase in osteoblastic differentiation compared with single BMP gene transfer in both C2C12 and MC3T3-E1 cells \[[@B29]\]. These investigations indicate that the mixture of BMP2 and BMP7 can induce bone formation significantly more effective and are consistent with our results.

Heterodimeric BMPs can increase biological activity \[[@B30]\] and facilitate more rapid bone regeneration in better quality \[[@B31]\]. In the present study, *in vitro* results indicated that ADSCs co-expressing BMP2 and BMP7 on *β*-TCP scaffolds exhibited a higher degree of osteogenic differentiation compared to those expressing individually BMP2 and BMP7. The results of *in vitro* experiments prompted us to investigate the osteogenesis of the constructs *in vivo*. In order to obtain defect repairing in a short period of time, we adopted a cavity defect model in a rat femur and investigated the tissue response to the cell-scaffold transplant. Radiographic and histological studies were performed on the specimens after different implantation periods. Active bone regeneration in the defects was found in all ADSCs/*β*-TCP constructs. However, the ADSCs modified with BMP2 and BMP7 constructs presented faster and more effective osteogenesis at the defect area than other groups in various implantation periods. Therefore, it was a promising approach using ADSCs cotransfected with BMP2 and BMP7 seeded on *β*-TCP to construct tissue engineering bone for repairing bone defects.

5. Conclusion {#sec5}
=============

In the present study, the *in vitro* experimental results indicated that ADSCs cotransfected with human BMP2 and BMP7 grown on *β*-TCP exhibited good attachment and growth, and a higher degree of osteogenic differentiation than single gene group. The*in vivo* experiment demonstrated that the BMP2 + BMP7/ADSCs group implanting present faster and more effective osteogenesis than BMP2/ADSCs group or BMP7/ADSCs group. The results demonstrated that it was advantageous to construct tissue engineering bone using *β*-TCP combined with ADSCs co-transfected with BMP2 and BMP7, providing a new idea for treating bone defects.

![The proliferation curves of control group, BMP2/ADSCs group, BMP7/ADSCs group, and BMP2 + BMP7/ADSCs group on the *β*-TCP scaffolds for two weeks after cell seeding. Results are shown as mean ± SD (*n* = 3 for each group).](JBB2012-410879.001){#fig1}

![Detection of ALP activities for control, BMP2/ADSCs, BMP7/ADSCs, and BMP2 + BMP7/ADSCs groups at 14 day after cell seeding. Results are shown as mean ± SD (*n* = 3 for each group, \**P* \< 0.05).](JBB2012-410879.002){#fig2}

![Alizarin red S staining for (a) control group, (b) BMP2/ADSCs group, (c) BMP7/ADSCs group, and (d) BMP2 + BMP7/ADSCs group at 14 days after cell seeding. Bar = 50 *μ*m.](JBB2012-410879.003){#fig3}

![The mRNA-relative expression analysis of osteogenic marker genes ALP, OPN, and OC in control, BMP2/ADSCs, BMP7/ADSCs, and BMP2 + BMP7/ADSCs groups. Results are shown as mean ± SD (*n* = 3 for each group, \**P* \< 0.05).](JBB2012-410879.004){#fig4}

![X-rays photograph of rat femurs defects in control, BMP2/ADSCs, BMP7/ADSCs, and BMP2 + BMP7/ADSCs groups at 2 weeks, 4 weeks, and 6 weeks after surgery.](JBB2012-410879.005){#fig5}

![HE staining of the transverse bone defect sections in different groups at 2 weeks, 4 weeks, and 6 weeks post-surgery. Abbreviations used: scaffold (S); new bone from implanted scaffold (NB-S); bone marrow (BM), cortical bone (CB), bone trabecular (BT). Bar = 100 *μ*m.](JBB2012-410879.006){#fig6}

###### 

Primers used for real-time PCR analysis.

  Gene                                       Primers                                    Annealing temperature (^°^C)
  ------------------------------------------ ------------------------------------------ ------------------------------
  ALP                                        Forward: 5^′^-AGGCAGGATTGACCACGG-3^′^      58
  Reverse: 5^′^-TGTAGTTCTGCTCATGGA-3^′^                                                 
  OPN                                        Forward: 5^′^-GACGGCCGAGGTGATAGCTT-3^′^    63
  Reverse: 5^′^-CATGGCTGGTCTTCCCGTTGC-3^′^                                              
  OC                                         Forward: 5^′^-AAAGCCCAGCGACTCTC-3^′^       59
  Reverse: 5^′^-CTAAACGGTGGTGCCATAGAT-3^′^                                              
  GAPDH                                      Forward: 5^′^-AACCCATCACCATCTTCCAGG-3^′^   60
  Reverse: 5^′^-GCCTTCTCCATGGTGGTGAA-3^′^                                               
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